Abstract: Several homopolymers, random copolymers and block copolymers based on poly(2-oxazoline)s (POx) were synthesized and conjugated to horseradish peroxidase (HRP) using biodegradable and nonbiodegradable linkers. These conjugates were characterized by amino group titration, polyacrylamide gel electrophoresis (PAGE), isoelectric focusing, enzymatic activity assay and conformation analysis. The conjugates contained on average from about one to two polymer chains per enzyme. From 70% to 90% of enzymatic activity was retained in most cases. Circular dichroism (CD) analysis revealed that HRP modification affected the secondary structure of the apoprotein but did not affect the tertiary structure and heme environment. Enhanced cellular uptake was found in the conjugates of two block copolymers using both MDCK cells and Caco-2 cells, but not in the conjugates of random copolymer and homopolymer. Conjugation with a block copolymer of 2-methyl-2-oxazoline and 2-butyl-2-oxazoline led to the highest cellular uptake as compared to other conjugates. Our data indicates that modification with amphiphilic POx has the potential to modulate and enhance cellular delivery of proteins.
Introduction
Development of therapeutic proteins is one of the most thriving areas in today's pharmaceutical and biotech industry. However, many hurdles need to be overcome before novel protein drugs can reach the marketplace. 1, 2 One such problem is the need to increase stability and circulation time of the protein in the body. 1 This problem has been successfully addressed by "PEGylation", a covalent modification of a protein with polyethylene glycol (PEG).
3,4 Several PEGylated polypeptides have been approved for therapeutic use, and a few more are under clinical development. 4, 5 However, PEGylation cannot address another important limitation of many proteins, which display poor ability to transport across cellular membranes. 1, 6 For many years attempts were made to increase membrane interactions of proteins by introducing hydrophobic moieties, which can anchor the proteins onto the cell surface. For example, the modification of proteins with fatty acids was shown to increase binding and internalization of these proteins in cells. 7 Furthermore, horseradish peroxidase (HRP) modified by fatty acid also exhibited higher permeability across the blood-brain barrier (BBB). 8 However, in ViVo such lipophilic modification also resulted in increased uptake of the protein in peripheral organs. 8 Therefore, a fine balance should be found between hydrophilic and lipophilic moieties introduced into a protein to improve its transport across biological barriers while also maintaining favorable pharmacokinetics and stability.
One solution to this problem involves the use of amphiphilic block copolymers for protein modification. For example, conjugation of polypeptides with triblock copolymers poly(ethylene glycol)-b-poly(propylene glycol)-b-poly(ethylene glycol) (PEG-PPG-PEG, also known as Pluronic or poloxamer) was shown to increase permeability of the polypeptides across BBB while also increasing their stability and circulation time. [8] [9] [10] In contrast to the fatty acid acylation, the Pluronic modification of HRP did not appear to increase the peripheral tissue uptake, which along with the increased BBB permeability resulted in the increase of the dose of this protein delivered to the brain. 8 Furthermore, Pluronic conjugates with Cu/Zn superoxide dismutase (SOD1) were shown to internalize in neuronal cells, while SOD1-PEG did not display such ability. 11 Therefore, modification of proteins with Pluronic appears to surpass PEGylation in the ability to deliver proteins into the cells. Importantly, the cellular uptake of Pluronic-conjugated proteins can be further optimized by changing the lengths of the hydrophilic PEG and hydrophobic PPG blocks. 9 In this study we propose a different approach to polymer conjugation of proteins using amphiphilic block copolymers based on poly(2-oxazoline)s (POx). Recently, POx have attracted considerable attention for drug delivery 12 and other biomedical applications. 13 Poly(2-ethyl-2-oxazoline) (PEtOx) and poly(2-methyl-2-oxazoline) (PMeOx) have shown similar properties as PEG, such as stealth, 14, 15 protein repellence 16 and ability for rapid renal clearance. 17 Trypsin, 18 catalase, 19 synthetic peptide, 20 and various other proteins have been conjugated to PMeOx and PEtOx successfully, and these conjugates performed similarly to PEGylated proteins. Furthermore, variation in side chain length and architecture gives a tool to impose very subtle changes in the polymer hydrophilic/ hydrophobic balance. 12 In this work for the first time we report on the conjugation of proteins with amphiphilic POx copolymers and evaluate effects of such modification on the cellular uptake of the protein. With 2-butyl-2-oxazoline (BuOx) as the hydrophobic monomer, two amphiphilic block copolymer P(MeOxb-BuOx) and P(EtOx-b-BuOx), one random copolymer P(EtOxco-BuOx) and one homopolymer PMeOx were selected and conjugated with HRP. These conjugates were characterized in different ways, and their cellular uptake in MDCK and Caco-2 cells was quantitatively compared.
Experimental Section
Materials and Methods. HRP type VI-A, MW 43 kDa, anhydrous methanol, dichloromethane, acetone, ethanol, N,Ndimethylformamide (DMF), N,N-diisopropylethylamine (DI-PEA), 2,4,6-trinitrobenzenesulfonic acid (TNBS), ultrapure urea, high resolution ampholyte (pH 3.5-10), trichloroacetic acid (TCA), o-phenylenediamine, proteinase K, and aprotinin were purchased from Sigma-Aldrich Co. (St. Louis, MO). Dithiobis(succinimidyl propionate) (DSP) and disuccinimidyl propionate (DSS) were from Pierce Biotech Co. (Rockford, IL). Tris-HCl Precast gels (10%) were from Bio-Rad (Hercules, CA). Sephadex LH-20 gel was from GE Healthcare (Waukesha, WI). TSKgel G3000SWXL column (7.8 mm i.d. × 30 cm) was from Tosoh Co. (Japan). Amicon ultra-15 centrifugal filter, MWCO 30K, membrane NMWL was from Millipore Co. (Billerica, MA). Spectro/Por membrane (MWCO 2,000) was from Spectrum Lab Inc. (New Brunswick, NJ). Flexible thin-layer chromatography (TLC) plates were from Whatman Ltd. (Mobile, AL). All substances for the preparation of the polymers were purchased from Aldrich (Steinheim, Germany) and Acros (Geel, Belgium) and were used as received unless otherwise stated. 2-Butyl-2-oxazoline was prepared as recently described. Methyl trifluoromethylsulfonate (MeOTf), 2-methyl-2-oxazoline (MeOx), 2-ethyl-2-oxazoline (EtOx), acetonitrile (ACN) and other solvents for polymer preparation were dried by refluxing over CaH 2 under dry nitrogen atmosphere and subsequent distillation prior to use. NMR spectra were recorded on a Bruker DRX 500 P, Bruker Avance III 400, Bruker ARX 300 or a Bruker AC 250 at room temperature. The spectra were calibrated using the solvent signals (CDCl 3 7.26 ppm, D 2 O 4.67 ppm). Gel permeation chromatography (GPC) was performed on a Waters system (pump model 510, RI-detector model 410, precolumn PLgel and two PL Resipore columns (3 µm, 300 × 7.5 mm)) with N,Ndimethylacetamide (DMAc) (57 mmol/L LiBr, 80°C, 1 mL/ min) as eluent and calibrated against PMMA standards. Alternatively a PL120 system using GRAM columns (Polymer Standards Service, Mainz, Germany) with DMAc (57 mmol/L LiBr, 70°C, 1 mL/min) was used.
Synthesis and Characterization of POx. The polymers were prepared according to our previous accounts. 12, 17, 21 Exemplarily for P(EtOx 50 -b-BuOx 20 ), under dry and inert conditions 10 mg (61 µmol, 1 equiv) of MeOTf and 321 mg (3.24 mmol, 53 equiv) of EtOx were dissolved in 3 mL of dry acetonitrile at room temperature. The mixture was subjected to microwave irradiation (150 W maximum, 130°C
) for 5 min. After cooling to room temperature, the monomer for the second block, BuOx (157 mg, 1.23 mmol, 20 equiv) was added, and the mixture was irradiated the same way as for the first block. Finally the polymerization was terminated using 150 mg of piperazine as a terminating reagent. For precipitation, a solvent mixture of cyclohexane and diethyl ether (50/50, v/v) was used. The product was obtained as a colorless solid (yield 0.36 g, 77%, molar mass as expected from monomer ([M] 0 ) and initiator concentration ratios ([I] 0 ) M n (theor) ) 7.8 kg/mol). 
Conjugation of HRP with POx. Amine terminated POx were reacted with small molecule linkers, DSS or DSP under two different reaction conditions. Condition A: 110 mg of polymer in 0.5 mL of methanol was mixed with a 10-fold molar excess of DSS (DSP) in 0.5 mL of DMF stored over molecular sieves (4 Å). The mixture was supplemented with 0.1 mL of sodium borate buffer (0.1 M, pH 8.0) and incubated for 30 min at 25°C. Excess DSS (DSP) was removed by gel filtration on a Sephadex LH-20 column (2.5× 20 cm) in anhydrous methanol, and the solvent was removed in Vacuo. Condition B: 110 mg of polymer and a 10-fold molar excess of DSS (DSP) were dissolved in 1 mL of DMF stored over molecular sieves (4 Å). DIPEA (5 µL/10 mg polymer) was added as the organic base. The mixture was incubated for three days at 25°C. Workup was performed as under condition A. 1 H NMR showed that, within experimental error, 100% of polymers were conjugated with DSS or DSP. Activated polymer was subsequently dissolved in 1 mL of 20% aqueous ethanol and mixed with 5 mg of HRP in 0.5 mL of 0.1 M sodium borate (pH 8.0). The reaction mixture was incubated overnight at 4°C.
Purification of HRP-POx Conjugates. Purification of HRP conjugates was performed similarly to our previous study. 8, 9 The HRP conjugates were precipitated in cold acetone to remove excess nonreacted polymers. Briefly, about 1 mL of the reaction mixture was added dropwise to 30 mL of cold acetone under stirring. HRP conjugates were precipitated and collected by centrifugation at 3,000 rpm for 10 min at 4°C, washed by cold ethanol (10 mL) and dried in Vacuo. The extent of elimination of nonreacted polymers was assayed by TLC on silica gel plates in dichloromethane/ methanol, 8:2. Under these conditions free polymers migrated (R f ) 0.2), while the conjugate was immobile (the polymer spots were visualized by iodine adsorption). To separate modified and unmodified HRP, the conjugates were further purified on a TSKgel G3000SWXL size exclusion column (0.78 cm × 30 cm) using a mobile phase consisting of methanol (5%) and pH 6.8, 0.1 M NaH 2 PO 4 , 0.2 M NaCl buffer (95%). The final conjugates were desalted in an Amicon ultra-15 centrifuge tube (MWCO 30 kDa) and lyophilized.
Electrophoresis. Polyacrylamide gel electrophoresis (PAGE) was used to confirm the HRP conjugates which have higher molecular weight than native protein. Briefly, 10 µg of native or modified HRP was mixed with 5× loading buffer with dithiothreitol (DTT) and loaded into the 10% precast Tris-HCl gel. The analysis was performed in a Mini-PROTEAN electrophoresis system (Bio-Rad, Hercules, CA) connected with a PowerPac Basic Power Supply (Bio-Rad, Hercules, CA). The running condition was 85 V for 45 min and 100 V for 90 min. The gel was stained by Biosafe coomassie stain (Bio-Rad, Hercules, CA) for 1 h and destained in water.
Isoelectric Focusing (IEF). IEF was used to separate the HRP conjugates with different modification degrees based on their shifted isoelectric points. Briefly, denaturing IEF gel (pH 3.5-10) was prepared according to the recipe described elsewhere. 22 Twenty micrograms of native or modified HRP was mixed with 2× loading buffer and loaded into the gel plate. The analysis was performed in a Mini-PROTEAN electrophoresis system (Bio-Rad, Hercules, CA) connected with a PowerPac high-voltage power supply (BioRad, Hercules, CA). The running condition was 100 V for 1 h, 200 V for 1 h and 500 V for 30 min. The gel was fixed in 10% TCA for 10 min and 1% TCA overnight. After fixing, the gel was stained by Biosafe coomassie stain (Bio-Rad, Hercules, CA) for 1 h and destained in water.
Degree of Modification by TNBS Assay. TNBS assay was used to determine the degree of protein modification as described earlier. 9, 23 Briefly, 10 µL of HRP-POx solutions (protein concentration 0.1-0.6 mg/mL) was mixed with 10 µL of TNBS solution (1.7 mM) in 80 µL of sodium borate buffer (0.1 M, pH 9.5) and incubated at 37°C for 2 h. The absorbance was measured at 405 nm using the microplate reader (Spectra Max, MDS, Sunnyvale, CA). The protein content was measured using a MicroBCA kit from Pierce (Rockford, IL). The degree of modification (average number of modified amino groups) was calculated according to the following equation:
where A native and A modified were the absorbencies and C native and C modified were the concentrations of native and modified HRP respectively. The total number of primary amino groups including lysine residues and terminal amine group of HRP is seven. Enzymatic Activity of HRP-POx Conjugates. The use of o-phenylenediamine to determine the HRP enzymatic activity has been described earlier. 8, 9 Briefly, 20 µL of 1 to 20 ng/mL HRP-POx was added to 96-well plates and supplemented with 160 µL of citrate buffer (0.1 M, pH 5.0, containing 0.1% Triton X-100 and 1 mg/mL BSA). Freshly prepared o-phenylenediamine (0.5 mg/mL) in the same citrate buffer was mixed with 0.2% H 2 O 2 , and 20 µL of the mixture was added to each well immediately . After incubating at 37°C for 5 min the reaction was stopped by 20 µL of a 0.5% Na 2 SO 3 solution in 2 N H 2 SO 4 , and the absorbance was measured at 490 nm using a microplate reader.
Circular Dichroism (CD) Spectra. Modified or unmodified HRP was dissolved in phosphate-buffered saline (PBS) (pH 7.4) at the concentration of 0.5 mg/mL determined by MicroBCA assay. Far-UV (200 to 260 nm) and near-UV-vis (250 to 450 nm) CD spectra were recorded using an Aviv circular dichroism model 202SF spectrometer (Lakewood, NJ) with a cuvette having a 1 cm path length. Spectra were obtained from 450 to 200 nm in 1 nm decrements, and the reported spectra correspond to the average of three wavelength scans. All the CD spectra of protein were obtained by subtracting the spectra of blank solvent. The mean residue molar ellipticity [θ] was calculated based on the following equation:
where θ is the observed ellipticity (deg), M is the mean residue molecular weight (g/mol), C is the protein concentration (g/mL) and l is the optical path length (cm).
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Cellular Uptake. MDCK cells (from ATCC, CCL-34) were seeded in 96-well plates at a density of 20,000 cells/ well in Dulbecco's modified Eagle medium (DMEM) (Invitrogen, Carlsbad, CA) supplemented with 1% penicillin/ streptomycin and 10% fetal bovine serum (Invitrogen, Carlsbad, CA). The cells were cultured at 37°C with 95% humidity and 5% CO 2 and grown for two days until 80-90% confluence. Caco-2 cells (from ATCC, HTB-37) were seeded in collagen-coated 96-well plates at a density of 5000 cells/ well and grown to 80% confluence (5-6 days) in the same medium and culture condition as MDCK. The cells were washed twice in assay buffer containing 122 mM NaCl, 25 mM NaHCO 3 , 10 mM glucose, 3 mM KCl, 1.2 mM MgSO 4 , 0.4 mM K 2 HPO 4 , 1.4 mM CaCl 2 and 10 mM HEPES. Cells were exposed to unmodified or modified HRP in assay buffer for various time intervals (10 to 120 min) at 37°C, then washed with cold PBS 5 times and lysed in 1% Triton X-100. No cellular toxicity was observed during the treatment. Aliquots of cell lysates (20 µL) were taken for HRP activity determination as described above. Separate calibration curves were used for unmodified and modified HRP. The amounts of cell associated HRP were normalized for the cell protein as determined by MicroBCA assay.
The method to determine the internalized and membrane bound fractions of HRP was described before. 7 Briefly, Caco-2 cells were exposed to unmodified or modified HRP in assay buffer for 30 min at 37°C, then washed with cold PBS 5 times, and incubated for 60 min with or without proteinase K (0.1 mg/mL) in assay buffer at 4°C. The medium was replaced by assay buffer containing aprotinin (10 U/mL) for 10 min, and then the cells were washed with cold PBS 3 times and lysed in 1% Triton X-100. The HRP activity and concentration were determined as described (22) 
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above. The internalized protein was determined in proteinase K treated samples. Membrane-bound fraction was determined as the difference between the total uptake measured in the samples without proteinase K treatment and the internalized protein.
Statistical Analysis. Statistical analysis was done using one-way ANOVA (LSD multiple comparisons). A minimum p value of 0.05 was regarded as the significance level for all tests.
Results and Discussion

Synthesis and Purification of HRP-POx Conjugates.
The synthetic routes for HRP-POx are presented in Scheme 1. Four different POx were used for the conjugation: (1) a block copolymer of MeOx and BuOx, P(MeOx-b-BuOx); (2) a block copolymer of EtOx and BuOx, P(EtOx-b-BuOx); (3) a random copolymer, P(EtOx-co-BuOx); and (4) a homopolymer, PMeOx. Structures and analytical data of all polymers are summarized in Figure 1 and Table 1 . The numbers of the hydrophilic repeating units (MeOx or EtOx) were kept the same in all four polymers. The block and random copolymers also had the same number of hydrophobic units, BuOx. All polymers were well-defined with PDI below 1.2. In order to use these polymers for conjugation with HRP we used piperazine as a terminating reagent. First, this approach is fast and proceeds without side reactions and under mild conditions, resulting in amine terminated POx derivatives.
26 Second, such derivatives can be directly conjugated to the protein. This is an advantage compared to OH-terminated POx, produced upon conventional termination in aqueous solution, which would require multistep activation prior to the attachment to a protein. The secondary amine of the terminal piperazine group of the polymers was coupled to the primary amine of HRP using small bifunctional linkers, DSS or DSP. DSS is a nondegradable linker, while DSP contains disulfide bonds, which are cleaved in the reducing environment within the cell. 27 The conjugation was a twostep procedure. First, the polymers were reacted with the linkers to generate N-hydroxysuccinimide terminated POx derivatives. Second, these activated polymers were reacted (26) with HRP in 20% aqueous ethanol. For this reaction we selected pH 8.0 based on our previous experience with HRP-Pluronic synthesis that employed similar conjugation chemistries. 9 The HRP-POx conjugates were purified by cold acetone precipitation and then by size exclusion chromatography (Figure 2) . Based on the chromatography profiles the yields of the conjugates varied from about 20 to 30% for block copolymers to about 40% for homopolymer.
Characterization of HRP-POx Conjugates. Analytical data for the HRP-POx conjugates are summarized in Table  2 . The typical mean modification degree of these conjugates ranged from ca. 0.7 (for P(MeOx-b-BuOx) with DSP linker and P(EtOx-co-BuOx)) to ca. 1.6 (for P(MeOx-b-BuOx) with DSS linker) polymer chains per protein as determined by titration of the protein free amino groups by TNBS. In most cases the residual enzymatic activity of HRP after conjugation was relatively high (70% -90%). The formation of the HRP-POx conjugates was further confirmed by PAGE, which revealed increases in the molecular masses of the conjugates compared to unmodified HRP (44 kDa) ( Figure  3a) . Furthermore, the high resolution IEF 28 allowed us to separate HRP-POx conjugates with different modification degrees, which had different isoelectric points (Figure 3b) . Specifically, after conjugation and chromatographic separation of the conjugates the unmodified HRP virtually disappeared and was replaced by several new bands corresponding to the conjugates with lower isoelectric points (Figure 3b , lanes C). This result was consistent with the TNBS assay suggesting POx was attached to HRP through amino groups. However, in contrast to TNBS, which provided average degrees of modification, PAGE and IEF clearly revealed that the conjugates contained a mixture of HRP derivatives with different numbers of polymer chains attached. 9 There are only six lysine residues in HRP of which three (Lys174, Lys232, and Lys241) are exposed at the surface of the protein globule and are believed to be accessible for chemical modification. 29 Such a small number of amino groups explains significant shift in the isoelectric point upon modification. Notably, simple mixing of protein and polymer did not change the isoelectric characteristics of HRP.
Conformation Stability. Possible changes of secondary and tertiary structure of a protein during chemical modification may lead to its aggregation and deactivation. 29 Therefore, we examined the HRP structure after modification by CD spectroscopy. Both far-UV (190 to 260 nm) and near-UV-vis (250 to 450 nm) CD spectra of HRP and HRP-POx were recorded and analyzed (Figure 4) . The far-UV CD spectra of the conjugates revealed considerable decreases in the CD signals in the major bands at 215 and 225 nm and a shift of 225 nm band to 230 nm compared to the unmodified protein (Figure 4a ). These CD changes were most pronounced for HRP-P(MeOx-b-BuOx) and are indicative of changes in the secondary structure of the HRP apoprotein. 30, 31 At the same time there were little if any changes of CD signals in the near-UV-vis spectra of the conjugates (Figure  4b ), suggesting that the tertiary structure of HRP apoprotein and the microenvironment of the prosthetic heme remained unaffected by the conjugation, 30, 31 even though the secondary structure of apoprotein was partially disrupted. The changes of the secondary structure may be ascribed to possible interactions between the block copolymer chain and R-helices on the surface of the apoprotein. This interaction may be responsible for the partial loss of the enzyme activity after the modification. Yet the enzyme was still catalytically active as its tertiary structure was more robust probably due to the presence of stabilizing structural elements (two Ca 2+ ions and four disulfide bridges) in HRP molecules.
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Cellular Uptake of HRP-POx. The cellular uptake of the HRP-POx was examined using MDCK and Caco-2 cells as models ( Figure 5 ). The cells were exposed to the unmodified protein or the conjugates (50 µg/mL) for different time intervals (up to 120 min) in serum-free conditions, and the total amounts of HRP bound with cell membranes or internalized into cells were measured as previously described. 7 In both cell models, HRP-P(MeOx-b-BuOx) exhibited significantly enhanced cellular uptake (3-6-fold) compared to unmodified protein (p < 0.01) and other conjugates (p < 0.05). An increase of uptake was also observed for HRP-P(EtOx-b-BuOx) conjugate (2-3-fold, p < 0.05) but it was not statistically significant at 60 min for MDCK cells and 60 and 80 min for Caco-2 cells. The conjugate of the HRP with a random copolymer, HRP-P(EtOxco-BuOx), did not show any increase of uptake in MDCK cells but had somewhat increased uptake in Caco-2 cells (p < 0.05 at 60 min). A conjugate with the hydrophilic homopolymer, HRP-PMeOx, exhibited similar cellular uptake as unmodified HRP in Caco-2 cells, and even lower uptake in MDCK cells (p < 0.1, marginally significant). A simple mix of HRP and polymers at 1:10 (molar ratio) did not show any effect on the uptake (data not shown).
Furthermore, we carried out a detailed analysis of the internalized and membrane bound fractions of HRP-P(EtOxb-BuOx) and HRP-PMeOx (Table 3 ). In this experiment the internalized fraction was determined after the proteinase K treatment, and the membrane bound fraction was computed as the difference of the total uptake and internalized fractions. After 30 min exposure of the Caco-2 cells approximately 77% of the unmodified HRP was internalized in the cells and 23% was bound on the cell surface. This is consistent with nonspecific fluid-phased endocytosis of HRP. In the case of HRP-P(EtOx-b-BuOx) both the internalized and membrane fractions were considerably increased and accounted for approximately 62% and 38% of the total uptake, respectively. Based on this it appears that modification of HRP with the block copolymer may enhance the adsorption component of endocytosis, presumably due to the increased interaction of the conjugate with the cell membrane. In contrast, the internalized fraction of HRP-PMeOx was decreasedcomparedtobothunmodifiedHRPandHRP-P(EtOxb-BuOx). Interestingly, for HRP-PMeOx there was a considerable increase in the membrane bound fraction compared to the unmodified HRP. This membrane-bound fraction of HRP-PMeOx was almost as high as the HRP-P(EtOx-co-BuOx); E, HRP-PMeOx. The cells were exposed to the unmodified protein or the conjugates (50 µg/mL) for different time intervals in serumfree conditions. Data presented as means ( SEM (n ) 6). Statistical analysis was done using one-way ANOVA (LSD multiple comparisons): *p < 0.05, **p < 0.01. a Fifty µg/mL HRP or HRP-POx conjugates were incubated with Caco-2 cells for 30 min at 37°C. Internalized protein was determined after proteinase K treatment. Membrane-bound fraction was determined as the difference between the total uptake and internalized protein.
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